The third prototype of a continuous flow ventricular assist device (CFVAD3) is being developed and tested for implantation in humans. The blood in the pump flows through a fully shrouded four-bladed impeller (supported by magnetic bearings) and through small clearance regions on either side of the impeller. Measurements of velocities using particle image velocimetry of a fluid with the same viscosity as blood have been made in one of these clearance regions. Particle image velocimetry is a technique that measures the instantaneous velocity field within an illuminated plane of the fluid field by scattering light from particles added to the fluid. These measurements have been used to improve understanding of the fluid dynamics within these critical regions, which are possible locations of both high shear and stagnation, both of which are to be avoided in a blood pump. Computational models of the pump exist and these models are currently being used to aid in the design of future prototypes. Among other things, these models are used to predict the potential for hemolysis and thrombosis. Measurements of steady flow at two operating speeds and flow rates are presented. The measurements are compared with the computed solutions to validate and refine, where necessary, the existing computational models.
The CFVAD3 is the third prototype in a design evolution of a continuous flow, magnetically suspended centrifugal pump intended for use as a left ventricular assist device. This pump is part of the HeartQuest™ series being developed by MedQuest Products, Inc., the Utah Artificial Heart Institute, and the University of Virginia. The pump is designed to deliver 6 L/min at 100 mm Hg pressure rise while running at 2,000 rpm. The blood in the pump flows through a fully shrouded four-bladed impeller (supported by magnetic bearings) and through small clearance regions on either side of the impeller.
The absence of seals in the clearance regions between the impeller and pump housing is one of the principle advantages of magnetically suspended pumps in terms of durability and blood damage (Figure 1) . The flow within the small clearance region between the impeller and the housing is complicated. The fluid field is determined by the interaction of a pressure force acting radially inward (toward the pump inlet) and an outward radial force due to viscous interaction with the rotating impeller. The fluid dynamics within this region are also of great significance, because there is the potential for both hemolysis due to high shear stress and thrombosis resulting from low velocity regions near the surfaces of the housing and impeller. It is desirable in terms of blood damage to have continual movement of the blood in one direction through the clearance regions, known as "washing." This design avoids regions of stagnation and prolonged exposure to this potentially high shear. However, inward radial flow contributes to the inefficiency of the pump. The design goal is to minimize the net flow through the clearance gaps, while still avoiding blood damage. This paper describes measurements intended to characterize the flow in one of these gap regions within a CFVAD3 prototype. The measurements are intended to lend insight into the nature of this flow and to validate and refine computational fluid dynamics (CFD) models of this flow. Computational results for this geometry were first reported by Anderson et al. 1 The clinical version (CFVAD4) of the pump is currently being designed relying heavily on CFD. Validation of the CFD models is critical.
Materials and Methods

Optical Measurement Technique: Particle Image Velocimetry
Optical measurement techniques offer several advantages over physical probes. Optical techniques do not interfere with the fluid, whereas traditional mechanical measurement probes may distort the flow that they are measuring. Furthermore, optical techniques offer the advantage that light may be used to probe regions in which one could not easily locate a physical probe, such as the small clearance regions inside the heart pump. Using a laser as a light source, it is possible to very accurately locate and shape this illuminated plane so that one can make measurements within a very thin measurement volume.
Particle image velocimetry (PIV) is an optical technique that measures the instantaneous velocity field within an illuminated plane of the fluid field using light scattered from particles seeded into the fluid. It differs from flow visualization, because it is quantitative, whereas flow visualization is qualitative. PIV also has the advantage of making a simultaneous measurement at many points within an illuminated plane, as opposed to a single point measurement using laser Doppler velocimetry. PIV has very recently matured and proven to be a very useful and practical tool for studying a wide range of fluid flows. 6 A schematic of a basic PIV system is shown in Figure 2 . Successive image pairs within the laser illuminated plane are captured using a high-speed digital camera. Using a pulsed laser, it can be ensured that each image pair may be obtained at an effectively instantaneous time (very small relative to the transit time of the particle through the measurement region). The precise time separation between the two images of the pair is known and, by comparing the particle displacement between the two images, it is possible to calculate the local velocity at any subregion of these acquired images. In practice, the complete digital image is broken into as many as 1,000 regions and the velocity of the fluid is measured within each region. Each of these velocity measurements is independent, yet all are made simultaneously. This approach leads to a complete map of the instantaneous velocity field within the planar illuminated region.
Experimental Method
A prototype CFVAD3 pump has been built and assembled with a window that allows a laser sheet to enter the front gap of the CFVAD3 and light scattered by seeding particles to be observed through a second window by a camera located normal to the sheet. A cross-section of the pump is shown in Figures 1 and 3 . The pump consists of a single moving part (the spinning impeller located in the center of the cross section) suspended by magnetic bearings. There is a clearance of approximately 0.03 inches (0.75 mm) everywhere between the impeller and the surrounding housing. The windows are made of optical quality quartz and polished to allow for the laser sheet to enter the pump front gap undistorted. The laser sheet is formed from the 8 mm round beam exiting the laser using a series of two spherical lenses to expand and re-collimate the beam, and then a single cylindrical lens to focus the sheet to a waist thickness of approximately 75 microns (10 -6 m).
The pump is mounted on a translation stage to allow for the location of the sheet within the front gap to an accuracy of approximately 1 micron. The sheet is translated (axially) across the clearance region to allow for investigation of the variation of velocity across the gap (see Figure 3 ). Since the gap is 750 microns in height, the 75 micron thick laser sheet allows more than 10 independent measurement planes across the gap. The result is a three dimensional topography of measured velocities within the gap.
A commercially available PIV system is used. The laser and camera are synchronized by software and hardware sold by TSI, Incorporated (St. Paul, MN). This software also performs all of the image analysis required to determine velocities. A pulsed Nd:Yag laser at 532 nm illuminates dye filled particles that are added to the flow. The particles have a specific gravity of 1.03, which ensures that the particles will stay suspended in the fluid. These particles are nominally 10 microns in diameter and, in addition to scattering the incident light, fluoresce near 610 nm. A digital camera collects the light after it has passed through a long pass filter with a cut-off of about 570 nm. The camera, therefore, sees only the fluoresced light from particles since the scattered light from the nearby surfaces is blocked by the filter.
Estimates of the uncertainty of a single PIV measurement are approximately Ϯ0.2 pixel 2,3 for each component of velocity.
In these measurements, the average pixel displacement for the two components of velocity vectors was on the order of eight pixels; therefore, the error for a single velocity vector measurement is approximately Ϯ3.5%. The technique, however, is simultaneously measuring a large tangential velocity component and a small radial velocity component. The uncertainty of a single measurement is a fixed value, 0.2 pixel, so that the uncertainty given as a percentage of the velocity is much higher for the small (radial) velocity component than for the large (tangential) velocity component. The pixel displacement in the radial direction was nominally two pixels, giving a radial velocity component uncertainty of Ϯ10%.The pixel displacement in the tangential direction was nominally eight pixels, giving a tangential velocity component uncertainty of Ϯ2.5%. A second source of uncertainty is due to fluctuations in the flow. Each measurement presented is the average of 20 instantaneous measurements taken at 10 Hz, so it corresponds to the time average over 2 seconds. Some of the uncertainty, therefore, is due to actual flow variations due to turbulence and, possibly, unsteady phenomena in the flow. A third source of error is due to the accuracy of locating the laser sheet within the pump. The translation stage has an accuracy of approximately 1 micron, so that the relative positions of each measurement are very accurate, but the absolute location is less accurate. Location of the housing and rotor is determined by translating the sheet and observing the acquired images until the sheet begins to be blocked by a solid surface. The estimated error associated with this absolute positioning within the gap is on the order of the sheet thickness, i.e., 75 microns.
Computational Model
The computational grid was made in TurboGrid and solved in TascFlow, both codes available from AEA Technologies. The grid consists of 30 elements in the axial direction, 40 in the radial, and 20 in the circumferential direction. The computational domain is an 18 degree slice with periodic boundary conditions, so there is approximately one node per degree. The solution is necessarily axisymmetric because of the combination of axisymmetric pressure boundary conditions and periodic boundary conditions at the grid interfaces. The CFD model converges in approximately 20 minutes so that parametric studies are accomplished quickly.
Experimental and Computational Conditions
The flow within the front clearance region is governed by the interaction of the static pressure gradient (acting inward) and the centrifugal force resulting from momentum transfer from the spinning impeller. The fluid field in the gaps can, therefore, be completely described by the static pressure gradient from exit volute to pump inlet and the impeller speed. Measurements of velocity are presented here at two operating speeds, 1,500 and 2,000 rpm, both of which lie within the normal operating range of the pump designed for human implant conditions. At each operating speed and a fixed flow rate (5 L/min for 1,500 rpm and 6 L/min for 2,000 rpm), the static pressure distribution was measured by means of static pressure taps at the pump inlet and within the exit volute. This is a direct measure of the static pressure gradient acting across the clearance gap. Correspondingly, the boundary conditions required by CFD to define this flow are the impeller rotational speed and the static pressure across the gap. Both of these are known from the experiment, so that the experimental and computational boundary conditions are the same.
A water and glycerin mixture with a density of 1,100 kg/m 3 and viscosity of 3.4 cp, at 22°C, was used for all of the experiments. The fluid was used at room temperature. CFD was conducted with a Newtonian fluid with a viscosity of 3.5 cp and density of 1,050 kg/m 3 . Both the experimental and computational fluid correspond well with blood at the high shear rates being investigated. Whole blood has a density of 1,060 kg/m 3 and a constant viscosity of approximately 3.5 cp at shear rates higher than 150 sec -1 for a hematocrit of roughly 35%. 4, 5 CFD of this gap region shows that the actual shear stress values are significantly higher than 100 sec -1 within the entire gap region, justifying the use of a Newtonian working fluid. Furthermore, a computational study of the sensitivity of the velocity profile within the gap regions to changes in viscosity revealed that the flow is not sensitive to changes of viscosity within the range of 2.0 -6.0 cp. This finding is probably because the flow in the region is turbulent; therefore, the effective viscosity is due to turbulence and not the material property.
Results
Each set of image pairs results in the velocity field at one particular axial location. Due to the turbulent nature of the flow, instantaneous measurements (resulting from one image pair) are averaged to get the time-averaged mean velocity at each axial location. To resolve the variation of velocity in the axial direction, a series of planar measurements (each corresponding to a particular axial location) are made. In the cases shown here, the sheet is translated 75 micron between sheets to resolve approximately 10 discreet measurement planes within the 750 micron front gap. In all cases, the result shown is the average of 20 image pairs corresponding to the time average of the flow field over 2 seconds of sampling at 10 Hz. Figure 4 shows the location of the observation window and measurement grid with respect to the impeller, as viewed from the top. The inset to this figure shows an expanded view of the measurement grid, along with measured vectors at each grid point on two planes within the gap. At each point on this grid, the measured velocity vector is resolved into two components along the Cartesian grid shown. Because the grid is located along one radius, one component corresponds exactly to the radial velocity and the other component exactly to the tangential velocity. The radial and tangential location of the measure- ment grid remains fixed with respect to the impeller, but the axial location changes as the laser sheet is translated across the gap.
To determine the variation in the axial direction, a series of measurements, each corresponding to a different axial location, are used. Figure 5 shows two measurements, one in a plane near the impeller and one nearer the housing. Comparison of the two measurements in this figure demonstrates some general trends. In all cases, the tangential velocity component is larger than the radial component. This leads to vectors that point nearly circumferentially, especially near the impeller where tangential velocities are large and radial velocities are very small. Away from the impeller, near the housing, the tangential velocity component is smaller (the vectors are shorter) and the radial is larger, both contributing to the radial velocity being a more significant part of the total velocity so that the vectors are inclined more in the radial direction. Figures 6A and 6B show radial and tangential velocity component profiles measured at different axial positions across the gap. Measurements are shown at ten axial locations for the 1500 rpm case and at seventeen locations for the 2000 rpm case due to overlap between the measurement planes. These profiles are located at the circled grid point near the outer radius of the impeller, shown by the circled grid point in Figures 4 and 5 .
Comparison of PIV and CFD
Measured PIV and computed CFD calculations of velocity profiles across the gap at one operating speed (1,500 rpm) are compared in Figure 7 . Figure 7A gives radial velocities, and those in Figure 7B are tangential. There are several notable differences between the PIV measurement and the laminar CFD solution. The CFD solution differs from the measurement in three main ways: (1) CFD predicts a larger maximum radial velocity; (2) CFD predicts a region of outward radial flow on the impeller surface; and (3) CFD shows a more complicated tangential velocity profile then the PIV measurement, which shows tangential velocity continually decreasing from solid body rotation at the impeller to zero velocity at the housing.
Observation of these differences prompted further inves-tigation of the CFD solution. Most notably, the inclusion of a turbulence model in the CFD solution leads to a solution that is more similar to experimental results. The turbulent solution uses a k-model that is included in TascFlow. TascFlow gives a warning message when using the turbulence modeling for this flow that suggests turning the turbulence modeling off to get more accurate results. This warning, coupled with the fact that the laminar calculations take less computer time, led to the original decision not to invoke a turbulence model. In the flow field under consideration, no good estimates exist for the critical Reynolds number that would indicate transition to turbulence. Figure  7 shows that the turbulent CFD solutions for radial and tangential velocities across the gap agree much better with the measurement than do the laminar computations. The region of outward radial flow along the impeller is significantly decreased in the turbulent case. This finding is likely due to the increased turbulent momentum transfer from fluid immediately near the impeller across the gap, leading to a larger region of impeller influence, and a correspondingly smaller value of the maximum radial velocity component. The turbulent tangential velocity profile also shows a smooth variation across the gap, in better agreement with the measurement. Comparison of the turbulent solution and the measurement at 1,500 rpm generally shows good agreement. Figure 8 shows the comparison of turbulent CFD and PIV at 2,000 rpm. There is good agreement in the tangential velocity profiles, but significant differences in the radial component profile. CFD predicts a lower maximum radial component that is located closer to the housing than the experiment and a small region of radial outflow near the impeller that is not measured.
Addition of the turbulence model to the CFD solution requires specifying two additional boundary conditions at each free boundary (turbulence intensity and turbulent length scale). An investigation into the sensitivity of the velocity field to these parameters was conducted. Varying the turbulence intensities from 3 to 40% and changing the length scales do not affect the solution significantly. A study of grid convergence was also conducted to demonstrate sufficient spatial resolution in the computational domain. Calculated velocities from a grid with 20 computational nodes across the gap agree to within 3% of the 40 node grid (used in the comparison with PIV), indicating that the 40 node solution has converged to Ͻ 3%.
Discussion
PIV measurements have been made of the three dimensional velocity distribution across the clearance gap between the impeller and housing of a CFVAD3. Variation of the velocity field as a function of axial position across the gap was measured by scanning the laser sheet across the gap. Computational models of the same gap flow have been made using a commercial solver both with and without turbulence modeling. Both the measured and CFD solution showed inward radial flow across the gap, and a smooth variation of the tangential velocity component from zero at the housing to the pump's rotational speed at the impeller. Comparison between measured and computed velocity fields also show that the flow within the front gap at speeds at and above 1,500 rpm is clearly turbulent and, therefore, CFD solutions must include a turbulence model to accurately model this flow. CFD solutions, including a k-turbulence model, lead to good agreement with the velocity profiles obtained from PIV. Further investigation of the CFD model showed that the solution is insensitive to the turbulent length scales and turbulence intensity prescribed as boundary conditions. Studies also reveal that using 40 com- putational nodes across the gap thickness (axial direction) is sufficient for an accurate solution.
Although the agreement between measurements and CFD at 1,500 rpm is good, there is still some discrepancy in the 2,000 rpm case. Further investigation will be made under these operating conditions to evaluate reasons for this discrepancy. Future work will also include an upgrade of the PIV to a stereoscopic system capable of simultaneous measurement of all three velocity components. This will allow for measurement of completely three-dimensional regions of CFVAD4 (clinical version) and other possible future pump geometries.
